Sputtering yields from vanadium metal surface due to neutron irradiation were studied. A carefully prepared Pyrex glass tube, containing a vanadium foil as target and a polyethylene film pasted on a nickel plate as catcher, was sealed after evacuation, irradiated in a reactor, disassembled to take up the film , and the 52V activity on it was counted for estimating the thermal neutron sputtering yield due to the recoil by (n,g) reaction. The reactivation of the film gave the fast neutron sputtering yield . These values were found to be 2.3x10-9 and 2.1x10-1 respectively
INTRODUCTION
It is well known that one of the essential features for the first wall of the fusion reactor is the low sputtering yield of the material for irradiation by heavy ions and fast neutrons to minimize the wall erosion and plasma contamination, and many data have been accumulated for various metals(1)~(17). However, the reported values of the sputtering yield vary in a wide range.
When a material is bombarded in a reactor, sputtering occurs not only by the mechanical recoil induced by the impinging fast neutrons or by evaporation due to the local heating by the energy deposited by them, but also by the recoil due to (n ,g) reaction induced by thermal neutrons.
Although the sputtering yield of the latter is much less than the former, we believe the study of (n,g) recoil sputtering has some significance in that it can afford an approach to understand the general sputtering behavior, since the factors influencing in both sputtering phenomena would be common and the (n,g) recoil can in many cases be detected with high sensitivity by radiochemical method.
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66-vanadium metal, which is one candidate of the first wall of the fusion reactor.
II. EXPERIMENTAL
Materials and Irradiation Chamber
The vanadium foil used as target was purchased from Goodfellow Ltd., made by hot press method, and its nominal purity is 99.91%. The foil, 0.0125mm thick, with metallic lustre, was used without any physical or chemical treatment, only by wiping successively with cotton pieces dipped in ether, acetone, and ethanol. The surface of the vanadium foil was checked by a scanning electron microscope (SEM) in comparison with the one treated by electropolishing, and it was found that the surface of the former was a little rougher than the latter but it was relatively smooth. A preliminary experiment showed that the values of the sputtering yields for both samples were in the same order of magnitude. Figure 1 shows the irradiation chamber for the measurement of the sputtering yields. The tube is made of Pyrex glass (25mm O.D.), and contains the vanadium foil as target (13mmx50mm) and polyethylene film (10mmx50mm) pasted on a nickel plate (15mmx65mm) by paraffin as catcher, which was set apart by 5 mm from the target foil. These were fixed in the glass chamber by nickel and steel wires. Epoxy resin was used for adhesion of vanadium foil on nickel wires and of the joint part of the glass chamber.
When preparing this assembly, extreme cares were paid so as not to contaminate the surface of the catcher film by vanadium, since it seems to be relatively easy to chunk. The tubes were evacuated up to about (2~3)x10-5 Torr, sealed within about 1~2h before irradiation, and subjected to irradiation. Counting and Reactivation The irradiation of the chamber was done at the F-ring position of the Rikkyo TRIGA Reactor (100 kW) for 5 min. Care was needed so as not to cause the reactor scram when drawing up the chamber, which has a large reactivity change due to the considerable content of boron in the Pyrex glass chamber. The thermal and fast neutron fluxes and the gamma dose rate at this irradiation position in the reactor are 1.4x1012 n/s cm2, 5.2x1011 n/s cm2 and 1.2x107 R/h, respectively.
These values of thermal and fast neutron fluxes were read for the position of the middle part of the target foil from the data, in which the measurement of the fast neutron flux was made by using the value of 104mb as the average cross section of the 58Ni(n,p)58Co reaction by reactor fast neutrons and by assuming the fission neutron spectrum(18).
67-
Since the considerable depression in the thermal neutron flux occurred in the chamber due to the neutron absorption by boron contained in the Pyrex glass, a cornparison was made between the induced activities in two standard samples of vanadium, one irradiated in a usual polyethylene capsule and the other in the glass chamber. The degree of the flux depression thus found was 33% ; i. e. the thermal neutron flux in the chamber in this irradiation position was estimated to be 4.6x1011n/s•cm2.
The corresponding flux depression for fast neutrons was found to be negligible : i.e. the factor, which was estimated by irradiating the samples of pure sulfur powder in just the same way and by comparing the 32P activities induced by the 32S(n, p)32P reaction, was 98%. For every irradiation run, a standard vanadium sample was activated to check the neutron flux perturbation and the counting efficiency. When the chamber was disassembled and the catcher polyethylene film was taken up for counting as early as possible after irradiation, special cares were paid to avoid the contamination of the film as well as to minimize the radiation exposure of the workers.
The film removed was sealed in a small polyethylene bag, and the counting of the r-ray activity of 52V (half life: 3.8min) was made with a 50ml coaxial Ge(Li) detector and 4000 channel pulse-height analyzer in the almost closest geometry for 5min, at least twice for each sample. The counting rate at the end of irradiation was estimated by extrapolation using the decay constant of this nuclide. A blank activation test showed that there was no initial contamination of vanadium on the film in an evacuated chamber if due cares were paid in preparing and handling the chamber.
After the initial radioactivity decayed out, the catcher film was reactivated in a reactor in order to estimate the inactive vanadium atoms which were transferred to the film mainly by fast neutron sputtering, concurrently with the 52V atoms sputtered on the film by the (n,g) recoil. The estimation was made by the usual activation analysis technique, by comparing with the standard vanadium sample irradiated in the same condition.
The data obtained here were also used for deriving the thermal neutron sputtering yield, i.e. the latter was calculated from the net amount of the recoiled 52 V atoms, which was estimated from the observed value by subtraction of the amounts due to the simultaneous activation of the inactive vanadium atoms concurrently sputtered by fast neutrons in the condition of the reduced thermal neutron flux in the glass chamber.
III. RESULTS
AND DISCUSSION Table 1 shows the data obtained for sputtering of vanadium using the chamber shown in Fig. 1 . Although the number of experiments is not so many, it seems that the results are sufficiently reproducible for this sort of experiment. The averaged numbers of net 52V atoms found on the film by (n,g) recoil and of 51V atoms determined by reactivation are also shown in the table at the bottom of columns 5 and 3 respectively.
For evaluating the sputtering yields from these data, the integrated probability P of hitting the area of the catcher film for the total atoms ejected from the target surface was calculated by the following formula:
(1) 68- behavior of (n,g) recoils was not much influenced so long as the degree of vacuum did not decrease to the order of 10-2 Torr(19). According to our calculation, if the recoil particles have the kinetic energy of 10eV, the mean free path in 10-3 Torr is 1.1x102cm, which is much larger length than the actual dimension of the chamber. Considering the reproducibility of the data obtained, moreover, it seems to be scarcely probable that the serious depletion of the degree of vacuum occurred and affected the probability of the collision between the recoil particles and gas molecules in the chamber. We also assumed that the recoil particles which reached on the catcher surface were completely embedded into the soft surface of the polyethylene film, although some percentages of the atoms might recoil from the catcher surface due to the low hitting energy.
Thus assuming the sticking probability of the particles hitting the polyethylene film as 100%, the sputtering yields were estimated from the data in Table 1 to be 2.07x10-1 and 2.32x10-9 per fast and thermal neutron fluxes respectively. This value of the sputtering yield by fast neutrons is considerably larger than the value reported (5x10-5 to 4.5x10-4) by Kaminsky & Das for the "intentionally rough surface " of the cold rolled vanadium by irradiation of 14MeV neutrons(17). However, while they report in that paper the value of (2.6~5.2)x10-4 for niobium, the same authors report in another paper that the value for niobium treated in the same way is as high as 0.25±0.1 and that they found by SEM this high value was due to the chunk emission on an even background of (8.7+-3.0)x10-3 in the sputtering yield(13). Although the direct observation of the chunk particles was not attempted here by the experimental difficulties such as the vulnerability of the polyethylene specimen against the electron irradiation in SEM and the infeasibility of autoradiography due to the short half life of 52V, we infer from the order of magnitude of the yield that chunking did occur in our experimental conditions. In this respect, it should be mentioned that in a preliminary experiment the same order of magnitude of the sputtering yields as reported here were obtained for the vanadium sample which was treated by electropolishing.
As for the thermal neutron sputtering yield, Verghese reports the value of 3.33x10-10 for gold(5) ; so the ratio of the sputtering yield for vanadium obtained here to that for gold reported is 7.0 : 1. However, because the thermal neutron cross sections of these two elements are 4.5 and 96 b respectively, the ratio of the sputtering yields per (n,g) events from the equal thicknesses of these two metals becomes 122 : 1. The order of this ratio coincides with that of the fast neutron sputtering yields, 207 : 1, which was calculated from the value for vanadium obtained here and the reported median value 70-for gold, 1x10-3(1)~(10) . Our preliminary data for the fast neutron sputtering yield of vanadium to that of gold also have given about 200 : 1 as this ratio . However, while it can be calculated from our data that 73% of the total (n , g)-activated atoms in the thickness of 1 A of vanadium metal surface eject from it and it seems to be reasonable , this percent for gold according to the Verghese's data becomes only 0 .6%, which is too small. The contribution of thermal neutrons to the sputtering of inactive vanadium seems to be very small compared with fast neutrons , since the 51V sputtering yields were almost same whether the sample was wrapped by cadmium or not in a preliminary experiment. While the observed fact that vanadium is more easy to sputter than gold is qualitatively reasonable from the fact that the atomic weight of the former is about one fourth of the latter, the fact contradicts the considerations of the melting and boiling points and also of the heats of vaporization of these two metals. It seems worthwhile be thoroughly investigated what are the principal factors influencing the sputtering behavior of atoms from solid surfaces, including the chunk phenomena. 
